Molasses containing sucrose, pectins, water and alcohol interacts with lime to form homogeneous blends. Rheological studies indicate that they exhibit viscoelastic behaviours as entangled polymers. Elastic modulus in these blends is much higher than for sucrose/lime/water model system. This difference is attributed to the presence of polysaccharide and ethanol in molasses. To verify this hypothesis, a model system was investigated in the presence of pectin and ethanol. Both additives were found to enhance viscosity and elasticity. In the presence of pectins, the formation of interpenetrated networks takes place, where calcium interacts with sucrose and pectins. Ethanol may have an influence on the complexes' stability. 
INTRODUCTION
Molasses/lime/water mixtures lead to the formation of dense pastes. They are used as natural cements for industrial applications such metallic dust agglomeration [1, 2] . Rheological and mechanical properties of these pastes have not been studied and because the origin of their viscoelasticity is yet unknown, it is difficult to obtain cements with reproducible properties. Molasses contain many compounds including sucrose and polysaccharides (pectine, xanthan, gum arabic). Interactions between calcium ions and pectins have been extensively studied and the conditions for physical gelation are known. Also, saccharides of low molecular weight can interact with divalent cations to form complexes [3, 4, 5] . This phenomenon is of great importance in biological systems and has been described for several synthetic and natural sugars. As sucrose is the dominant constituent of molasses, it is expected that sucrose/calcium interactions play an important role in the rheological behaviour of molasses/lime mixtures. If structural or thermodynamic investigations have been led about sugar/calcium interactions in dilute solution, rheological properties in concentrated systems are unknown [6, 7, 8, 9] . Besides, there is no reliable information about the interactions of sucrose with calcium ions. We have recently investigated the physico-chemical behaviour and rheological properties of sucrose/lime/water system, which shall be considered as a reference system [10] . These are homogeneous pastes where (in a region of the phase diagram): 10% < [water] < 50% 25% < [lime] < 50% 20% < [sucrose] < 60% and where concentrations are expressed in weight percentages. X-ray and FTIR investigations have indicated that the system is not crystalline when the molar ratio Y = [Ca 2+ ]/[sucrose] is lower than 2. It was assumed that this number corresponded to the stoichiometry of calcium/sucrose complexes, which may be present in the form of a randomly branched polymer. When Y < 2, these systems behave almost as entangled polymer solutions, with a very low value of M c , the molecular weight between entanglements (i.e. M c = 1200 g mol -1 ). When Y > 2, these systems contain an excess solid lime particles and the rheological behaviour is similar to that described for entangled polymers filled with solid particles.
In the first part of this paper, we present a serie of rheological measurements on the industrial system molasses/lime/water. In the second part of this paper, the influences of additives such as alcohol and polymers on the rheological properties of the reference system sucrose/lime/water will be described and used to explain differences between molasses/lime and reference systems. Complementary X-ray scattering and FTIR experiments were performed to determine the complex stoichiometry and structure and the results of which will be published elsewhere.
EXPERIMENTAL

MATERIALS
MOLASSES
Molasses samples were obtained from Croiset and Haentjius and their approximate composition is given in Tab. 1. Polysaccharides were extracted from these molasses samples. After elimination of low molecular weight compounds by dialysis, they were precipitated in ethanol and characterised by size exclusion chromatography, light scattering and viscosimetry. A representative example of chromatogram is given in Fig. 1 . The polydispersity indexes were below 2 and weight average molecular weights M w were about 10*10 4 g mol -1 . Molasses sample contained 65% of dry matter and 35% of volatile compounds (26% water and 9% low molecular weight alcohols and aldehydes). Ethanol concentration was close to 2.5% and varied with the molasses ageing (fermentation).
POLYSACCHARIDES
Polysaccharides samples, pectin, xanthan, gum arabic (Merck) were used without further purification. It should be noted that pectin is a sodium salt of poly(galuronic acid) weakly methylated (8%), and highly charged (92% of monomer units bear a carboxylate function). Xanthan gum is an anionic polysaccharide of a lower polarity and arabic gum is a branched polysaccharide made of galactose, rhamose, arabinose and few percents of glucuronic acid. It is the least polar polysaccharide used in this study.
METHODS
PREPARATION OF THE BLENDS
In a first step, water was added to molasses sample or a sucrose solution was prepared. Then, stirring was performed vigorously using a motor
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Applied Rheology September/October 2000 equipped with an anchor-like blade while the calcium hydroxide powder was progressively added. These blends were obtained at room temperature (20 < T < 25°C). Nevertheless, as the mixing is exothermic, the temperature increase in the samples is of about 10°C. When other additives were used, the aliquots of alcohol or polymer solution were introduced into the sucrose solution just prior to lime addition.
Rheological measurements
Rheological measurements were performed using a strain controlled rheometer RDA II (Rheometric ® ). Strain sweeps were run to determine the limits of linear viscoelastic behaviour and dynamic measurements were made within this range. A kinetic study was made prior to each spectromechanical analysis to establish the time required to obtain equilibrium: storage G' and loss G'' moduli were measured versus time, at a constant angular frequency (w = 1 rad s -1 ), low enough to get a linear regime for all the mixtures examined. At equilibrium, spectromechanical analysis were performed in a angular frequency range from 0.01 to 100 rad s -1 .
For all rheological measurements, we used a parallel-plate geometry, but with a cup for the lower plate (∆ = 47 mm; height = 9 mm). The upper plate was smaller (∆ = 30 mm), to prevent the effects of the edge of the plates. After mixing, samples were immediately introduced into the cup, the upper plate was brought down to contact, and the whole covered by a silicon oil layer to avoid water evaporation. All measurements were made at room temperature without thermostatation.
RESULTS
MOLASSES/LIME/WATER
In the sucrose/lime/water model system, the concentrations were known, but this was not the case for the molasses/lime/water system. Indeed, molasses contains not only sucrose but equally other components such as polysaccharides and volatile compounds. Our measurements show that molasses contains 26% water and 9% volatile compounds. The sucrose concentration in molasses was calculated from these values.
Kinetic study
Mixture compositions (reported in Tab. 2) were chosen to obtain homogeneous viscoelastic blends without syneresis. The weight/weight molasses/water ratio was varied, by keeping constant the weight/weight molasses/lime ratio = 2. We can notice that for all systems, both moduli G' and G" increase with time ( Fig. 2 ). For samples with high water contents (c w ≥ 25%) G' remains consistently lower than G". This indicates that the material is mainly viscous even at equilibrium (curves a and b in Fig. 2 ). On the opposite, for samples with low water content (c w £ 18 %), G' becomes greater than G", which means that the system is more elastic than viscous (see for instance the curve c obtained for c w =18 %).
For all studied systems, we have plotted the variations of h', the real part of complex viscosity:
( 1) where h" is the imaginary part of the complex viscosity h*. h' is defined as since w = 1 rad s -1 for all rheological kinetics. Moreover, we can assimilate h' to the zero-shear viscosity . In other words, a frequency of 1 rad s -1 was considered a good compromise in obtaining values of h' close to the dynamic viscosity at low shear. For each kinetic, we have determined h' 0 and h' ∞ which are respectively the initial and the final values of the viscosity. h' 0 was obtained from the first measurement taken after system mixing and h' ∞ was taken when the system did not progress any more. It should be noticed that the kinetic curves h'(t) = f(t) can be fitted with an empirical logarithmic law:
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Applied Rheology September/October 2000 ( 2) where t is a time constant characteristic of the system kinetics. The system may be considered almost stabilised when:
which corresponds to a time t ∞ given by:
Values of h' o , h' ∞ and t ∞ are reported for various compositions in Tab. 2. When the water amount increases from 16.25% to 27.5% h' o and h' ∞ decrease by factors of 350 and 200 respectively and t ∞ increases by a factor of 3.
SPECTROMECHANICAL MEASUREMENTS AT
EQUILIBRIUM Spectromechanical analyses were performed at times at least equal to t ∞ . Representative results are reported in Fig. 3 . For highly hydrated systems (water content > 23.75%) G' is lower than G" over the whole frequencies range considered. As water content decreases, a crossing of logarithmic plots of G' and G" is observed at characteristic frequencies w 0 which itself decreases. For c w = 16.25%, an elastic plateau is observed, characteristic of the existence of entanglements with relaxation time detected within the frequency range. The plateau modulus G N , assumed as equal to G' at 100 rad s -1 , decreases upon dilution. In the terminal zone, responses are different from those expected for these materials. Indeed, G" varies with w a , where 0.6 < a < 0.8 (not 1). This exponential value is however obtained for a broad frequency range and must indicate differences with respect to the classical behaviour of viscoelastic systems.
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COMPARISON WITH THE MODEL SYSTEM
Comparison between molasses/lime systems and those of the model can be made by assuming that molasses contain:
• 65% of dry matter : 52% of sucrose +13% of other solid compounds, polysaccharides, salts and other products. The weight percentage of dry matter after dilution of molasses by water is c d .
•35% of volatile matter: 26% of water + 9% of alcohol, aldehydes …), the whole constituting the "solvent" and its concentration is c s .
Analogies between the systems can be rationalised by saying that, for the model, es linearly when c s increases with almost the same slopes for both systems (equal to -10). On the opposite, the characteristic frequency increases linearly with c s with a slope close to 39 for the model and the molasses mixture. However, the molasses system appears to be much more elastic than the reference, as the plateau moduli were significantly higher and the characteristic frequencies much lower. For a constant Y ratio, dilution by water does not affect the power law exponents but changes the pre-factor. In the case of the model system, calcium/sucrose complexation was assumed to induce the formation of polymeric species, thus explaining the characterised high viscosities and elastic moduli. These differences between molasses and model systems can be attributed to the presence of either polysaccharide in the dry matter or of ethanol in the "solvent".
INFLUENCE OF ADDITIVES ON THE MODEL SYSTEM
POLYSACCHARIDES
Initially, 1% of each polysaccharide, pectin, xanthan and arabic gum was added to the 1/3.5/20 sucrose/lime/water mixture. Mixture compositions are given in Tab. 4. Results from the kinetic study are shown in Fig 6. The initial system without polymer (1/3.5/20 sucrose/lime/water mixture) remains more viscous than elastic with G' < G''. This behaviour is not noticiably modified by the presence of arabic gum. For 1% of pectin, G' becomes equal to G'', indicating an increase in elasticity, whereas xanthan influence is intermediate between these ones as previously. We have determined h' 0 , h' ∞ , t and t ∞ values for each sample (Tab. 5). We can also note that pectin significantly reduces t and t ∞ while arabic gum has no effect. Fig. 7 shows logarithmic variations of G' and G'' against pulsation for the reference mixture and the mixture containing 1% pectin. In the absence of polymer, the G' and G'' crossing point is close to the upper limit of the experimental frequency range. G N is shifted towards higher values upon addition of polymer and w 0 (frequency at the crossing point) decreases by a factor of approximately 20. Tab. 5 shows that again arabic gum does not affect rheological behaviour at equilibrium and xanthan has an effect similar to that of pectin, but with lower amplitudes.
Variations of G N and w 0 are plotted against pectin concentrations in Fig. 8 . Interestingly, an addition of small amounts of pectin (< 0.3%) induces a large decrease in w 0 but w 0 reaches almost a plateau at higher pectin concentrations. Variation of G N is more continuous but a limit value is obtained for pectin concentrations greater than 1%. In the terminal zone, departures from classical Maxwellian behaviour were observed; for the model system in the absence of additives: G' varied with w a (a~ 1.4) but G" was proportional to w as expected. This effect was discussed with respect to different hypothesis: i) broad polydispersity of relaxation times ii) vicinity of a gel point and iii) presence of solid particles.
n' = dlog G' / dlog w and n" = dlog G" / dlog w are plotted against pectin concentration in Fig. 9 .
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) reference system G' (É), G" (D); 2.) reference system + 1 % arabic gum: G' (ü), G" (Ú); 3.) reference system + 1 % xanthan: G' (ü), G" (Ú); 4.)reference system + 1 % pectin : G' (ü), G" (Ú).
n' and n" decrease and seem to tend towards 0.5, which is characteristic of a sol-gel transition. The hypothesis of the vicinity of a gel point which may be doubtful for the reference system, seems more reasonable in the presence of pectin, as discussed below.
ETHANOL
The effect of ethanol on kinetic behaviour is important: the kinetic is faster and the mixture becomes more elastic ( Fig. 10 ) with the addition of ethanol. h' 0 , h' ∞ and t increase with an increasing concentration of ethanol up to about 3%, and then, stabilise while t ∞ decreases and reaches a plateau (Tab. 6). Some variations of G' and G'' against frequency, at equilibrium, are reported in Fig. 11 . In the presence of ethanol the terminal zone is no longer accessible in our frequency range and the behaviour of the mixture is close to that of a gel. As shown in Fig. 12 , G N and w 0 exhibit a maximum and minimum respectively when ethanol concentration increases (up to 2 %). In the terminal zone, log G' and log G" slopes are very different from those classically obtained, (0.7 < n' < 1 and 0.4 < n" < 0.8) as shown in Fig. 13 . Again, elasticity is strongly enhanced by the presence of ethanol, and the behaviour of the mixture is similar to that of gelifying systems.
DISCUSSION
The observed influence of pectin and ethanol on the rheological behaviour of sucrose/lime/water mixtures seems to indicate that the higher elasticity of molasses/lime system is due to the presence of these additives in molasse. Is it easy to understand these observations?
POLYSACCHARIDES
We have chosen different polysaccharides which differ by their polarity: pectin and xanthan are strongly polar, arabic gum is weakly polar. It is known that polysaccharides interact with divalent cations particularly the macromolecules containing strongly complexating carboxylate groups. While sugar and polysaccharides hydroxyl groups form complexes with cations, it can be noted that chelation or complexation phenomena are more pronounced when electrostatic attractions occur between cations and anionic groups on these macromolecules. In this respect, anionic polysaccharides behave as synthetic polyelectrolytes (poly(acrylic acid), poly(methacrylic acid) [11] . These behaviours have been the subject of many works [12, 13, 14] . For example, pectins with a low methoxyl content can gelify in aqueous solution in the presence of calcium. This is attributed to the chelation of Ca 2+ in regular arrays of electronegative cavities formed by the galacturonic acid residues, which are considered as junction zones or permanent cross links. An "Egg box" model ( Fig. 14) has been proposed [12] .
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Applied Rheology September/October 2000 (G' (Á, Ê), G" (É , ü) ) for a.) the reference system and b.) the reference system + 1 % pectin. According to the ratio X = 2[Ca 2+ ]/[COO -] and the total polymer concentration, several behaviours were observed, as schematised in the phase diagram of Fig. 14 . Gelation requires polymer concentrations, c p , higher than the critical overlap concentration, c*, and occurs at a ratio X which decreases when c p increases [13] . Homogeneous gelation is limited by syneresis at high X and c p . Gelation phenomenon are also observed with xanthan but not with arabic gum. The thickening effect of pectin and xanthan on sucrose/lime/water mixtures can be a consequence of their ability to form physical gels in the presence of calcium and allows to understand the rheological results. The intrinsic viscosity, [h], of low methoxyl content pectin is of the order of 300 ml g -1 [12] . Since c* = 1/[h], pectin chains overlap in solution when c p > 3 10 -3 g ml -1 . In sucrose/lime/water/pectin mixtures, pectin concentrations are always higher than c* (see Tab. Considering the large excess of calcium with respect to pectin and neglecting sucrose/calcium interactions, pectin gelation with syneresis should be observed (phase diagram of Fig. 14) . In fact, sucrose is also in great excess with respect to pectin. This indicates that a part of calcium reacts with sucrose, another part with pectin. The relative fraction of these two parts should be determined by the ratio of the sucrose/calcium and pectin/calcium complexation constants. Two hypothesis can be considered:
i) gelation of pectin without syneresis. This situation should correspond to a small amount of calcium fixed on pectin so that pectin chains do not collapse in a dense gel. In this case, formation of interpenetrated networks is expected: one of them, constituted by pectin with calcium/galacturonic acid junction zones, may be considered as a matrix and a second one due to the polymeric complexes sucrose/calcium, exhibiting the rheological properties already described in the absence of polymer (Fig. 15a) . Since c p > c*, this hypothesis may be reasonable. The fact that G N increases and w 0 decreases when c p increases is also compatible with this model. However, we would have observed rheological properties of a true gel without a terminal zone. We conclude that pectin molecules do not form a swelled network in this system, probably due to the very high calcium concentration. ii) gelation of pectin with syneresis: We propose the model schematised in Fig. 15b which may explain at least qualitatively our experimental observations. When calcium is in a large excess, pectin chains are highly chelated. In the absence of sucrose, the phase diagram of Fig. 14 shows a formation of dense gel with a release of water and a gathering of all pectin chains. In the presence of sucrose,
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Applied Rheology September/October 2000 which instantaneously forms a very viscous blend, this phase separation is impossible or difficult to observe. Thus, formation of dense microgels is expected. The influence of these microgels on the rheological properties of this system must decrease with the gel collapse. A limit may be attained for which the pectin/calcium gels will behave as solid particles and as their concentration remains relatively low, they do not perturb rheology. However, if only dense pectin/calcium microgels were present over the whole range of pectin concentrations, one could not understand the variations of G N and w 0 given in Fig. 8 .
From Z values, one may consider, at low pectin content, a situation close to that represented in Fig. 15a and, at higher concentrations, the behaviour described in Fig. 15b . The system may be simply determined by equilibria of the type:
Where are the equilibrium constants associated with
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Applied Rheology September/October 2000 (Fig. 15a) . At higher concentrations, the pectin chains will collapse in dense microgels and the number of sucrose/calcium complexes will decrease. Both effects explain the existence of plateau in the variations of G N and w 0 against c p . Fig. 12 shows three regions in the variations of G N and w 0 versus ethanol content c et :
ETHANOL
• for 0 < c et < 2 %, G N increases and w c decreases strongly • for 2 < c et < 4 %, the inverse phenomena is observed, G N recovers its initial value, but w 0 slightly increases In the absence of ethanol, these systems behave as viscoelastic materials constituted of polymeric species due to sucrose/calcium complexation and solid lime particles in excess. Literature shows that the interaction of sugars with metal ions is generally much stronger in ethanolic than in aqueous solutions [4, 15] . For example stability constant of the D(-) ribose complex with calcium in a ratio 1/1 is 15 times higher in methanol than in water [16] . We can assume that the addition of ethanol to our system improves the interactions of sucrose with lime , leading to an increase in elastic moduli. This behavior can be explained by the fact that ethanol is involved in the formation of sucrose-calcium complexes which tend to modify its stability constant and its relaxation time. However, at higher concentrations, a dilution effect takes place and viscosity decreases again. This has been shown in the effect of water concentration on the rheological properties of the reference system (without ethanol), where G N decreases strongly upon dilution [10] . However, the variation of w 0 versus ethanol concentration is weak. This behavior seems to support the hypothesis according to which there exists an
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CONCLUSION
The rheological properties of industrial cement molasses/lime were compared to those of a model system : sucrose/lime/water. It appeared that both systems behave almost as entangled polymer solutions. The values of exponents of the variations of log G' and log G" versus log w indicate that these systems cannot be represented by one relaxation time Maxwell model. As discussed in other works [17] , we assume that the high elastic modulus is due to the formation of polymer -like sucrose -calcium complexes. The w dependencies of G' and G" can be adjusted by two large distributions of relaxation times which may be related to various type of sucrose-calcium binds and to different complex molecular weight. The molasses/lime systems exhibit much higher elasticity and viscosity than model system. The difference is attributed to the presence in molasses of polysaccharides and ethanol. Such our hypothesis is confirmed by a series of rheological measurements on the model system in the presence of increasing concentrations of pectin and ethanol. The evolution of G' and G" upon increasing pectin concentration is qualitatively explained by competition between sucrose-calcium and pectin-calcium interactions. Ethanol also, induces an increase of viscosity and elasticity modulus, and this may be explained by high values of complex stability constants in alcoholic media. This work shows that the viscoelastic properties of industrial molasses/lime cement may be improved by addition of several types of compounds able to interact with calcium.
